Purpose: To determine the usefulness of the first-hour sleep EEG recording in identifying interictal epileptiform discharges (IEDs) during long-term video-EEG monitoring. Method: We retrospectively reviewed 255 consecutive patients who underwent continuous long-term video-EEG monitoring in the adult epilepsy monitoring unit (EMU) at the University of Chicago. The complete video-EEG recording was reviewed, and the occurrence of IEDs was determined for each patient. We compared the occurrence of IEDs observed during the first-hour sleep EEG recordings with the occurrence of IEDs observed during the complete video-EEG recordings. Results: Overall, IEDs were observed in 134 (53%) of 255 patients during the full long-term video-EEG recording with a mean duration of 4 days. IEDs were identified in the first-hour sleep EEG in 125 (49%) of 225 patients. Comparing to reviewing full records, the first hour sleep EEG identified IEDs in 125 (93%) of 134 patients. Of the IED subtypes, the first-hour sleep EEG identified 92 (94%) of 98 patients with temporal lobe IEDs, 11 (92%) of 12 patients with frontal lobe IEDs, 3 (100%) of 3 patients with parietal lobe IEDs, 1(50%) of the 2 patients with occipital lobe IEDs, 16 (94%) of 17 patients with generalized IEDs, and 2 (100%) 2 patients with multi-focal IEDs.
Introduction
Long-term video-EEG monitoring in the epilepsy monitoring unit (EMU) is the gold standard for the diagnosis, classification and localization of epileptic seizures [1] . Specific EEG epileptiform discharges allow better informed decisions regarding medical and surgical treatments and more accurate prediction of seizure control and ultimate remission. An epileptiform discharge is predictive of seizure recurrence, particularly in patients with idiopathic epilepsy [2] . EMU study has resulted in establishing a definitive diagnosis in 76%-88% of patients and changing in diagnosis or treatment in up to 79% of patients [3, 4] . Identification of interictal and ictal epileptiform discharges is essential for achieving these clinical objectives. While the identification of ictal EEG is relatively straightforward, reviewing daily EEG recordings for the identification of IEDs by visual analysis are both labor intense and time consuming. Automatic EEG spike detection software is helpful, but has a low specificity for detecting IEDs and has been used largely as a complementary tool to visual analysis [5] . As such, new methods to improve the efficiency of spike detection during the long-term video-EEG monitoring are desirable, particularly in patients with infrequent IEDs.
Sleep modulates IEDs in patients with focal and primary generalized epilepsies [6, 7] . Synchronous EEG oscillations including tonic background slow waves and phasic sleep EEG transients (i.e. sleep spindles, k-complexes, ripples) activate IEDs during drowsiness and NREM sleep [8] [9] [10] [11] , whereas asynchronous neuronal oscillations during wakefulness and REM sleep suppress IEDs [11, 12] . Sleep is the most effective activation procedure as compared to other activation procedures such https://doi.org/10.1016/j.seizure.2018.10.015 Received 11 August 2018; Received in revised form 20 October 2018; Accepted 25 October 2018 as photic stimulation and hyperventilation and shows the highest yield of IEDs [13] . An EEG after sleep deprivation improves the detection of IEDs in 13%-35% of patients whose standard EEG findings were normal [2] . Sleep recordings have been used as an activation procedure to increase the yield of spike detection during routine EEG studies. However, the usefulness of sleep EEG in the detection of IEDs during long-term video-EEG monitoring has not been assessed. The aim of this study is to determine whether the first-hour sleep EEG can reliably predict the occurrence of IEDs, and therefore could be used as a timeefficient tool for the detection of IEDs during long-term video-EEG monitoring.
Methods

Patient population
We retrospectively included consecutive patients who underwent long-term video-EEG monitoring at the University of Chicago adult epilepsy center between April, 2016 and October, 2017. Patients were referred for long-term video-EEG monitoring by physicians in our epilepsy center and local community hospitals. Indications for video-EEG monitoring included: 1) differential diagnosis of epileptic vs. non-epileptic spells; 2) pre-surgical evaluation for epilepsy surgery; 3) classification of seizures; 4) change and toxicity of anti-epileptic drugs (AEDs). The enrolled patients had a minimum of 24 h of video-EEG recording. Exclusion criteria included: 1) age < 18 years; 2) video-EEG recording < 24 h; 3) intracranial EEG monitoring. The study was approved by the institutional review board (IRB) and individual patient's written consent was not required by the IRB.
Extraction of clinical data
Clinical data were collected from review of medical records including clinical notes, EMU reports and hospital discharge summaries. Seizure type (focal vs. generalized) was determined based on clinical history, ictal semiology, interictal and ictal EEG discharges. Focal seizures were further categorized according to seizure onset location (temporal, frontal, parietal or occipital). The occurrence of IEDs during the complete course of video-EEG recording was determined by reviewing the EMU reports, which was then compared to the occurrence of IEDs during the first-hour of sleep for each patient. Two investigators were blinded to whether IEDs were documented in the EMU reports prior to reviewing the archived first-hour sleep EEG recording.
Long-term video-EEG monitoring
Long-term video-EEG was recorded using the Xltek EEG system (Natus Medical Incorporated, Pleasanton, CA, USA) according to the international 10-20 system with 6 additional sub-temporal electrodes (F9, T9, M1, F10, T10, and M2). EEGs were sampled at 512 Hz, filtered at 1-70 Hz and reviewed usually at 10μv/mm and 30 mm/s. At the discretion of attending physicians, partial or complete withdrawal of anti-epileptic drugs (AEDs) was performed as early as the day of admission to increase the likelihood of interictal and ictal recordings. Activation procedures including hyperventilation, photic stimulation, and sleep deprivation were performed as clinically warranted. AEDs were commonly restarted one day before hospital discharge.
Identification of IEDs
Video-EEG recordings were reviewed during routine clinical care by experienced EEG technologists, clinical neurophysiology fellows, and a board-certified attending physician. Interictal and ictal EEG abnormalities were routinely segmented and archived on a computer server on a daily basis. EMU reports were generated during the course of hospital admission, describing the presence and localization of interictal, ictal EEG abnormalities and non-epileptic events on a daily basis. The firsthour sleep EEG recording was also routinely segmented and archived on a daily basis. The occurrence of IEDs during the first-hour sleep EEG recording of the enrolled patients was retrospectively and independently reviewed by two investigators (XL and JXT). The interrater reliability between the two reviewers was excellent with kappa at 0.91 for the identification of IEDs. Differences between the two reviewers were resolved by consensus. IEDs were defined as spike, sharp wave, polyspike, or spike/wave discharges. They are typically < 200 ms in duration and distinguished by their morphology and/or amplitude from normal EEG background. Normal EEG variants such as small sharp spikes and wicket spikes were not considered IEDs in this study.
Results
A total of 255 patients were included in the study. Mean age was 39 ± 14; range 18-76. Ninety seven patients were male and 158 were female. Mean duration of long-term video-EEG recordings was 4 ± 1 days; range 1-7. The indications for long term video-EEG monitoring include differential diagnosis of spells, classification of seizures, presurgical evaluation and adjustment of anti-epileptic medications ( Table 1 ). In 14 patients the first-hour sleep EEG recording was not available for review on one of the admission days.
Interictal epileptiform discharges were identified in 134 (53%) of 255 patients during the complete long-term video-EEG recordings as documented in EMU reports. IEDs were identified in the first-hour sleep EEG in 125 (49%) of 225 patients. Comparing to reviewing full records, the first hour sleep EEG identified IEDs in 125 (93%) of 134 patients. The frequency of IED detection was well correlated over the course of video-EEG monitoring between the complete EEG recording and the firsthour sleep EEG recording ( Fig. 1 ). Of the IED subtypes, the firsthour sleep EEG identified 92 (94%) of 98 patients with temporal lobe IEDs, 11 (92%) of 12 patients with frontal lobe IEDs, 3 (100%) of 3 patients with parietal lobe IEDs, 1 (50%) of the 2 patients with occipital lobe IEDs, 16 (94%) of 17 patients with generalized IEDs, and 2 (100%) 2 patients with multi-focal IEDs. IEDs were not identified in the firsthour sleep recording in 9 (7%) of 134 patients. Of the 255 patients, 99 (39%) had definitive (epileptic seizures recorded) epilepsy throughout the continuous video-EEG recordings. IEDs were not identified in 13(13%) of the 99 patients after 72 h and in 11(11%) throughout their stay in EMU.
The cumulative frequency of IED detection over the course of video-EEG monitoring was assessed. With complete video-EEG recording, 80% of patients with IEDs were identified after 1 day, 92% after 2 days, 97% after 3 days, and 100% after 4 days. With the first-hour sleep EEG recording, 75% of patients with IEDs were identified after 1 day, 84% after 2 days, 90% after 3 days, and 93% after 4 days. The frequency of IEDs in different IED subtypes was also well correlated between reviewing the complete study and the first-hour EEG ( Table 2 ). The frequency of IED detection appeared to plateau after 3 days of video-EEG recording.
Discussion
Interictal epileptiform discharges reflect the hyper-excitability and functional impairment of the brain and are EEG markers of epilepsy [14] . However, routine EEG studies have a low sensitivity for identifying IEDs. IEDs are detected only in 13-50% of the first routine EEG studies in patients with new onset seizures [15, 16] . The sensitivity of IED detection can be improved 84% after third EEG and up to 92% after the fourth routine EEG studies in patients with epilepsy [15] . Long term video-EEG monitoring has been an efficient method for the detection of IEDs in patients with epilepsy. With the withdrawal of AEDs, IEDs can be identified in the 75% of epilepsy patients within 24 h of EEG recording, and 96% within 72 h [17] , although IEDs were not identified in 8-12% of definitive epilepsy patients after 72 h of continuous EEG recordings [18] [19] [20] . Our study is consistent with these findings. With the review of the complete video-EEG recording, IEDs were identified in 80% of patients in the first 24 h and in 97% within 72 h. IEDs were not identified in 13 (13%) of 99 patients with definitive epilepsy after 72 h and 11 (11%) throughout their stay in EMU. Therefore, a 3-day EMU admission might be a reasonable duration for the identification of IEDs during long-term video-EEG monitoring. Interictal epileptiform discharges are strongly activated during NREM sleep [7, 8, 21] , although it has remained controversial whether IEDs are activated more significantly during NREM stage 1 and 2, or during slow-wave sleep [22] . IEDs are more effectively enhanced during sleep in patients with focal epilepsy than generalized epilepsy as compared with wakefulness [23, 24] . Using intracranial EEG recording, IEDs were increased in all brain regions during NREM sleep compared with wakefulness. NREM sleep strongly activated interictal spikes in the seizure onset zone and promotes their propagation to other cortical areas [8] . Larger scalp voltage field potentials of IEDs were also detected in patients with temporal lobe epilepsy during sleep than wakefulness [10] . Additionally, generalized spike and wave discharges are activated by drowsiness and NREM sleep, and they may be entirely absent during wakefulness in some patients.
The first hour sleep EEG recording in this study was composed of NREM stage 1 and 2 sleep as well as slow wave sleep. Our study demonstrated that the first-hour sleep EEG recording was nearly as informative as the complete video-EEG recording. IEDs were identified in 75% of the patients in the first night's sleep, 90% after 3 days, and plateaued at 93% after 4 days. The first-hour sleep EEG identified 93% of IEDs detected by reviewing complete video-EEG recording. Nevertheless, our study is limited by its retrospective nature, affecting the type and diversity of the epilepsy population included. Interrater reliability could not be assessed among the EEG interpreters who reviewed complete video-EEG recording during the routine clinical care, so the possibility of false negative or false positive interpretation of IEDs cannot be ruled out.
Conclusion
In summary, the first-hour sleep EEG reliably predicts the occurrence of IEDs during long-term video-EEG recording as compared to the full review of EEG recording. It can be used as a time-efficient tool for identifying patients with IEDs and mitigating the burden of IED identification in the adult epilepsy monitoring unit during long-term video-EEG recording, similar to the function of spike detection computer software. The first-hour sleep EEG recording for the identification of IEDs in patients with epilepsy during long-term video-EEG monitoring can be useful for the diagnosis and classification of epilepsy, although it is less useful for seizure localization.
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